Introduction
Metal-ion homeostasis is crucial for all living organisms. Transition metals such as iron, manganese, zinc or copper are essential trace elements that serve structural and catalytic roles in numerous biological processes. A balance between metal import, storage and export is required to maintain appropriate metal levels for cellular function and avoid toxicity due to oxidative stress caused by certain metals and misinteractions with nonspecific molecules. Like other organisms, bacteria have evolved efficient and diverse strategies for acquiring metals in their environment. The expression of their import systems is tightly controlled by the environmental concentration of their substrate allowing an efficient response to starvation or overload (Wakeman and Skaar, 2012) . During infection, the activation of highaffinity metal uptake systems is particularly important for pathogenicity when the infected host responds to the microbe attack by sequestering essential metals, an innate immune response referred to as nutritional immunity (Weinberg, 1975; Palmer and Skaar, 2016) .
Metals are taken up as free ions or scavenged by small chelating molecules called metallophores. The most extensively described metallophores are siderophores, a vast group of ferric iron-chelating agents produced by bacteria, plants and fungi (Saha et al., 2013) . Apart from iron, the best-documented metallophores are copper-binding peptides or chalkophores represented by the family of methanobactins produced by methanotrophic bacteria under low-copper conditions (DiSpirito et al., 2016) . Although siderophores exhibit an extremely high affinity for iron, some have been shown to chelate other metals, even if affinity constants often reveal a preference for iron. For example, the siderophore Yersiniabactin (Ybt) can bind copper in vitro and copper-Ybt was detected in vivo during urinary tract infection in mice (Chaturvedi et al., 2012; Koh and Henderson, 2015) .
Siderophores and high-affinity transport proteins are overproduced under conditions of low iron availability. The primary regulation of siderophore production and iron homeostasis is performed by the ferric uptake regulator (Fur) protein of the FUR superfamily, including sensors with similar function, but that respond to other metals like Nur (nickel) or Zur (zinc) (Lee and Helmann, 2007; Fillat, 2014) . Fur, the prototype for this family, is described as a global iron-dependent transcriptional regulator in Gram negative and low-guanine and cytosine (G 1 C)-content Gram positive Firmicutes. It is mainly described as a repressor, but examples of Furdependent activation have also been reported (Yu and Genco, 2012; Troxell and Hassan, 2013) . Fur uses Fe (II) as a cofactor and negatively regulates transcription of iron transport genes by binding to the Fur binding region upstream of these genes, the so-called 'Fur box', originally defined as a 19 bp inverted repeat sequence (Fillat, 2014) . Depending on their concentrations, metals other than iron can also activate or repress siderophore production, but the precise goal of such processes remain unclear (Schalk et al., 2011; Saha et al., 2013) .
Staphylococcus aureus is a major opportunistic pathogen capable of causing a wide spectrum of infections. The bacterium has evolved several metal import systems and strategies. A link was established between metal acquisition and efficient dissemination and virulence potential, in particular for iron, manganese and nickel (Corbin et al., 2008; Hiron et al., 2010; Beasley et al., 2011; Hammer and Skaar, 2012; Kehl-Fie et al., 2013; Remy et al., 2013) . Diverse acquisition systems are described for iron, such as the iron-regulated surface determinant (Isd) heme-uptake pathway, and siderophore-based systems. S. aureus transports exogenous siderophores such as Fe (III)-hydroxamate complexes, but it also produces metal-chelating secondary metabolites, staphyloferrin A and B (Hammer and Skaar, 2011) . Of the 3 FUR proteins in S. aureus, Fur, PerR and Zur, the Fur protein is the main regulator of iron uptake, via repression of siderophore transport systems in iron-rich conditions (Morrissey et al., 2000; Xiong et al., 2000; Sebulsky and Heinrichs, 2001) .
In addition to the production of siderophores, S. aureus synthezises a nicotianamine-like metallophore, staphylopine (Sp), which is implicated in nickel, cobalt, zinc, copper and ferrous iron acquisition (Ghssein et al., 2016) . The different functions required for staphylopine synthesis and trafficking are encoded in the nine-gene cnt operon. The first three genes, cntK, L and M, encode the enzymes required for Sp biosynthesis, the cntA, B, C, D and F genes encode the ATP-binding cassette (ABC)-transporter involved in the import of Sp-metal complexes, and the last gene, cntE, encodes a membrane protein responsible for Sp export. Co-transcription of all nine genes of the cntKLMABCDFE operon was previously demonstrated (Hiron et al., 2007; Ding et al., 2012) . Promoter activity was also detected upstream of cntA, in concordance with the non-coding region between cntM and cntA (Remy et al., 2013) . Transcription from the cntA promoter is repressed by zinc, in keeping with detection of a potential Zur box (Remy et al., 2013) . Zur has been described in only one study of S. aureus, as a zinc-sensing repressor of an operon encoding two ABC-transport proteins and Zur itself (Lindsay and Foster, 2001) . A Fur-like box was also identified upstream of cntA (Sheldon and Heinrichs, 2012) and Fur-dependent repression of cnt genes in iron-rich conditions was described (Ding et al., 2012) . The overall data indicate that cnt gene expression is restricted in zinc and iron-rich conditions and that Fur controls the Cnt system. The present work aims to decipher the molecular mechanisms and the actors of cnt operon regulation of expression and establish a link between regulation and function of the Cnt system. Our in-depth study of cnt operon expression shows that the Cnt system is differentially controlled by the presence of iron and zinc in a Fur-and Zur-dependent manner, with tight control of the staphylopine biosynthetic genes and a looser control of the genes responsible for its export and recovery.
Results
In silico analysis of the S. aureus cnt locus
The cntKLMABCDFE operon (SAOUHSC_02770 to 02762) of S. aureus NCTC8325 strain (referred to as the cnt operon) comprises two putative promoter regions downstream of cntK and cntA genes (annotated PcntK and PcntA respectively).
The predicted 866 bp noncoding region upstream of the PcntK operon comprises a Rho-independent terminator sequence downstream of the preceding ORF and a predicted bacterial promoter (235 and 210 boxes, Fig. 1 and Supporting Information Fig. S1 ), located 2515 bp upstream of the cntK start codon. This location corresponds to the start of a transcription unit detected by tiling array, annotated S1077 and confirmed as an sRNA by Northern blot analysis (Mader et al., 2016) . Fur-dependent repression of cntK and cntE genes was previously reported but no Fur-binding site was revealed (Ding et al., 2012) . By homology with the Fur and Zur consensus DNA boxes, we detected one potential Fur box overlapping the 235 sequence and one canonical Zur box downstream of the 210 sequence ( Fig. 1 and Supporting Information Fig. S1 ). A 104 bp direct and almost perfectly repeated sequence (four mismatches) was detected between S1077 and the initiation codon (repeat 1 and 2, Fig. 1 and Supporting Information Fig.  S1 ). The overall upstream sequence of cnt operon is highly conserved in most S. aureus sequenced genomes, except the repeat sequence for which only one copy is present in a few genomes, including MW2, COL or USA500 strains. Interestingly, in these strains, the sequence was only found upstream of cntK, contrary to the other strains where a homologous sequence was detected once or several times in other genome locations.
The second noncoding region (142 bp) of the cnt operon is located between cntM and cntA, and contains a predictive canonical promoter sequence ( Fig. 1 and Supporting Information Fig. S1 ). A Zur box predicted upstream of cntA is in agreement with repression by zinc (Remy et al., 2013) . This box overlaps a previously described Fur box (Sheldon and Heinrichs, 2012) (Supporting Information Fig. S1 ).
All these features suggest a complex regulation of the cnt operon.
Identification of the minimal active promoter region upstream of the cnt operon Transcriptional activity was previously analyzed by fusing the native cntK upstream region of RN6390 strain sequence with luxAB genes of Vibrio fischeri and measuring luciferase activity (Ghssein et al., 2016) . Activity of this reporter fusion (PcntK: regions 1 1 2; see Fig. 2A ) was compared with those of two reporter constructs containing the predicted promoter (region 1) or not (region 2). Luciferase activities were measured in S. aureus WT mid-log phase cultures grown in CDM medium, where maximal activity was previously detected (Ghssein et al., 2016) . Compared to the basal luciferase activity detected with the luxAB genes without an upstream promoter sequence, no significant transcriptional activity was observed with region 2. In contrast, both region 1 and the PcntK promoter fusions led to strong expression of luxAB, showing comparable activities (Fig. 2B ). This experiment demonstrates that region 1 upstream of the cnt operon carries an active promoter, in concordance with the detection of a transcriptional start at the same location by tiling array (Mader et al., 2016) .
We noted that expression from region 1 directly fused to luxAB was approximately fivefold stronger than that of the native region (Fig. 2B ). This might be explained by: (i) distance shortening between the promoter and the ORF or (ii) the absence of the repeat region and/or the S1077 sRNA, either of which might attenuate cnt operon transcription. To determine the potential cis effect of each of these two regions on cnt promoter activity, we constructed a cntK upstream region deleted of S1077 or of the direct repeat, fused to luciferase genes. Deletion of the repeat sequence significantly increased promoter activity compared to that of the native promoter, showing that this sequence attenuates transcription in the tested conditions (Supporting Information Fig. S2A ). We further investigated the role of the repeat sequence upstream of cntK by evaluating promoter activity of another S. aureus strain, MW2, which carries only one copy of the repetition. Deletion of this sequence from the upstream region of MW2 cntK gene greatly enhanced promoter activity (Supporting Information Fig. S2B ), as observed for RN6390 PcntK, indicating that this sequence, but not its repetition, attenuates cnt operon expression. PcntK and PcntA promoters are regulated by iron and fur
The iron responsive regulator Fur was shown to repress cnt genes (Ding et al., 2012) and potential Fur boxes are present upstream of cntK and cntA regions. We studied the effect of iron on promoter activities after growing cells in CDM without added metal and then supplementing these cultures with increasing iron concentrations. PcntK promoter activity was repressed by 0.1 mM iron, with repression increasing with iron level, up to 1 mM (Fig. 3A) . Unlike PcntK, promoter activity of PcntA was repressed starting from 1 mM iron, and was only totally repressed by 10 mM iron (Fig. 3B) . The Fur dependence for iron regulation was next analyzed by comparing cntA and cntK promoter activities in WT and fur S. aureus NCTC8325 strains (Horsburgh et al., 2001) , with or without iron addition. Iron concentrations were chosen in order to have optimal and stable repression of the WT strain used as a control (1 mM for cntK and 5 mM for PcntA). Repression of PcntK activity by 1 mM iron was totally abolished in the fur mutant (Fig. 3C) . In contrast, cntA transcription was only partially restored in the fur mutant grown with 5 mM iron (Fig. 3D) . Altogether, these results demonstrate that Fur is the main regulator of PcntK transcription in the presence of environmental iron, while PcntA undergoes Fur-dependent and Fur-independent regulation by iron.
To confirm that iron availability is a repressor signal of cnt operon expression, PcntK and PcntA promoter activities were measured from cultures in rich medium (BHI) with or without iron chelator EDDHA. Expression of both promoters was increased by iron chelation and restored to basal levels by addition of excess iron (Supporting Information Fig. S3A and B) . Accordingly, transcriptional levels were higher in the fur mutant strain grown in BHI, confirming the role of Fur protein in iron-dependent repression of cnt gene expression (Supporting Information Fig. S3C and D) . In addition, we observed a slight but significant induction of both activities in the fur mutant cultivated in BHI with EDDHA, suggesting Furindependent repression of transcription. This might be due to the chelation of another metal by EDDHA, which is not totally iron-specific. gene expression, which is exerted at two levels, (i) strong and (ii) weak repression of PcntK and PcntA activities respectively. We also observed that PcntA is also repressed by iron through a Fur-independent and unknown mechanism.
PcntK and PcntA promoters are regulated by zinc and zur
Putative Zur boxes were found in PcntK and PcntA sequences and zinc was found to repress PcntA activity (Remy et al., 2013) . The same strategy as for iron was (A, B) Upstream cntK (A) and cntA (B) promoter activities in CDM supplemented with increasing amounts of FeSO 4 . WT RN6390 strains containing the reporter fusions were grown to OD 0.4. FeSO 4 was then added, bacteria were further grown for 1.5h and assessed for luciferase activity. (C, D) Upstream cntK (C) and cntA (D) promoter activities in CDM supplemented with 1 or 5 mM FeSO 4 respectively, for 1.5 h in WT and fur mutant strains of S. aureus NCTC8325. Results are presented as the ratios of specific luciferase activities relative to that measured in CDM. Data represent the mean 6 SD for three independent biological replicates. Significant differences between cells cultivated with or without the addition of iron or between strains were determined by unpaired Student's t-test, as indicated (*P < 0.05, **P < 0.01, ***P < 0.001).
applied to study the influence of zinc and Zur regulator protein on cnt operon expression. PcntK promoter activity was severely and almost totally repressed from 0.25 mM zinc (Fig. 4A ). PcntA was repressed from 0.25 mM zinc but less strongly than PcntK and higher levels of zinc did not significantly increase repression (Fig. 4B ). Regulation by zinc of both cnt promoters was completely abolished in zur deletion mutant, establishing that Zur is the zincresponsive regulator of the cnt operon ( Fig. 4C and D) .
Combined regulation by fur, zur, iron and zinc
To better understand the double regulation by Fur and Zur, promoter activities were measured in fur and zur mutants grown in CDM medium with or without the addition of zinc or iron respectively. In the absence of Zur, both promoter activities were still repressed by iron due to the expected repressing activity of Fur in the presence of iron ( Fig. 5A and B ). In the presence of zinc, PcntK transcription in the fur mutant was almost as repressed as in the WT strain, revealing the presumed role of Zur (Fig. 5C ). Intriguingly, zinc-mediated PcntA repression did not occur in the fur mutant, suggesting that Zur cannot respond in the absence of Fur in the condition tested (Fig. 5D) . Combined with the fact that there is only one predicted Fur/Zur box, a realistic hypothesis is that Zur needs to cooperate with Fur for full PcntA repression. Data represent the mean 6 SD for three independent biological replicates. Significant differences between cells cultivated with or without the addition of zinc or between strains were determined by unpaired Student's t-test, as indicated (*P < 0.05, **P < 0.01, ***P < 0.001).
The double fur/zur mutant was then constructed to study the global impact of the two regulators on cnt expression. In CDM, we first observed growth retardation of the fur/zur mutant compared to the WT strain (Supporting Information Fig. S4 ). This difference is slightly more pronounced than with the single fur mutant (Supporting Information Fig. S4 ), as previously reported (Horsburgh et al., 2001) . Promoter activities Results are presented as the ratios of specific luciferase activities relative to that measured in CDM. Data represent the mean 6 SD for three independent biological replicates. Significant differences between cells cultivated with or without the addition of metal or between strains were determined by unpaired Student's t-test, as indicated (*P < 0.05, **P < 0.01, ***P < 0.001).
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in CDM medium with or without the addition of 1 lM iron and zinc were similar in the double mutant, indicating that cnt transcription became insensitive to the presence of zinc and iron at these concentrations ( Fig. 5E and F) . These results confirm the major role of Fur and Zur in a non-deprived iron and zinc environment.
In rich medium (BHI), Fur and Zur regulators together exerted far greater control on PcntK than on PcntA (1000 fold for PcntK versus 40 fold repression for PcntA; Supporting Information Fig. S5A and B). PcntK activity was very strongly derepressed in the fur/zur mutant, compared to either simple mutant; each regulatory protein, and in particular Fur, independently represses cntK expression, but Fur and Zur have a cumulative effect, presumably by binding to their specific boxes (Supporting Information Fig. S5A ). In contrast, cntA promoter activities were close in the fur/zur and fur mutant strains, consistent with only one target sequence for both regulators and suggesting predominant binding of Fur to PcntA in iron and zinc-rich conditions (Supporting Information Fig. S5B ). Nevertheless, we noted a very slight but significant increase of PcntA activity in absence of Zur (compare fur mutant to fur/ zur mutant), suggesting cooperation of both regulators as observed in CDM. Overall, these results support and extend the conclusions of the experiments performed in CDM medium, that is, Fur and Zur independently repress cnt operon expression but their combined action leads to much stronger repression, since Zur and Fur have a cooperative behavior to repress cntABCDFE expression, presumably because of common target sequence.
Fur and zur bind their predicted boxes on the cntK upstream sequence Our data indicated that Fur and Zur are negative regulators of cntK and cntA expression and putative consensus Fur-and Zur-binding sites were detected within the cntK and cntA promoter regions. To test if these regulators directly bind to the predicted boxes, we first prepared full-length S. aureus Fur-MBP and Zur-MBP (> 90% purity) from E. coli. Then, amounts of metals bound to purified Fur-MBP and Zur-MBP were quantified by ICP-MS. Sulfur (S) content was simultaneously quantified to precisely estimate the concentration of regulators according to the number of S-containing amino acids (methionine and cysteine) present in these fusion proteins. As a result, it was found that each Fur-MBP and Zur-MBP bind respectively 1 and 2 zinc ions, consistent with the expected zinc-binding sites of these proteins (Fillat, 2014) .
The purified Fur and Zur proteins were then used in electrophoretic mobility shift assays (EMSAs) to examine their binding to PcntK DNA regions containing or not the putative boxes (Fig. 6A) . The binding results confirmed the specificity of each regulator for its respective binding motif upstream of PcntK (Fig. 6 B-E): Fur bound to segment 'B' (Fig. 6B) while Zur bound to segment 'B' and 'C' (Fig. 6B and C) . These results demonstrate the specificity of the complex for its target sequence. No binding was observed with Zur incubated with downstream or upstream sequences lacking the Zur binding site ( Fig. 6D and E) . Weak binding of Fur was observed using a fragment encompassing upstream region from the predicted Fur box (Fig. 6D) , suggesting the presence of a secondary Fur box sequence that could, in vivo, allow binding of additional Fur in addition to the predominant strong binding to the identified Fur box. Accordingly, a potential Fur box was detected upstream of the canonical Fur box (GATAAAAATTTTCAAAAAG), containing 11 out of 19 conserved nucleotides. Secondary Fur binding sites may generate an extended multimeric complex between Fur and DNA sequences (Escolar et al., 2000; Baichoo and Helmann, 2002) , and might occur within the PcntK region. The above results confirm the existence of Fur and Zur binding sequences upstream of the cnt operon.
Fur and zur bind the same sequence on PcntA upstream sequence
The PcntA region comprises putative overlapping Fur and Zur boxes. Fur and Zur EMSA experiments showed specific binding of both regulators to a DNA fragment including this region ( Fig. 7B and C) . Binding of Zur to both fragments containing the Fur/Zur box was significantly lower than that of Fur, but nonetheless specific, as Zur failed to bind DNA sequences surrounding the boxes (fragments D, E; Fig. 7D and E). Fur weakly bound a fragment containing the downstream region from the box, but only with protein excess, and no Fur box was detected in this region. To confirm Fur and Zur binding to the overlapping Fur/Zur boxes, the target sequence (20 nt) was deleted from the cntA upstream region (named PcntADbox). Experiments comparing binding to this fragment versus the original one showed specific binding of Fur and Zur to the Fur/Zur boxcontaining fragment, as no shift was observed using PcntADbox (Fig. 8) . Furthermore, additional high molecular weight complexes were detected when mixing Fur, Zur and PcntA fragment (Fig. 8) , suggesting tripartite protein/DNA complexes. To exclude non specific binding between Fur and Zur-MBP fusion proteins, Fur was purified without any Tag and tested in combination with Zur-MBP in a gel shift assay using cntA upstream DNA fragment. The Fur protein bound to the DNA and, in association with Zur-MBP led to the formation of a distinct migrating band in EMSA, thereby confirming the specificity of a complex between Fur, Zur and the Fur/Zur sequence (Supporting Information Fig. S6 ).
Fur-MBP and Zur-MBP binding to the PcntAbox DNA (29 nt; see Supporting Information Table S1 ) was further studied by size exclusion chromatography. Fur-MBP displays a main single elution peak at 1.6 ml whereas Zur-MBP elutes at the same volume but with shoulders on both sides (at 1.4 and 1.9 ml) (Supporting Information Fig. S7 upper panel) . When Fur-MBP and Zur-MBP are mixed together, the resulting elution diagram corresponds to the sum of the individual contributions, showing that there is no interaction between the two proteins in these conditions. When Zur-MBP is mixed with PcntAbox (Supporting Information Fig. S7 middle panel) there is a broadening of both peaks associated with the DNA (2.0 ml) and the protein (1.6 ml), suggesting low, if any, interaction in these experimental conditions. In contrast, incubation using Fur-MBP (Supporting Information Fig.  S7 lower panel) indicates formation of a complex of higher affinity, as there is a clear shift toward lower elution volumes (i.e., higher molecular weight) of the peak associated with Fur-MBP (from 1.6 ml to 1.5 ml). Incubation of both Fur-MBP with Zur-MBP and the PcntAbox led to a further broadening of the peak associated with the DNA and, most importantly, to a further shift of the peak associated with the Fur/DNA complex (from 1.5 ml to 1.4 ml) (Supporting Information Fig. S7 middle and lower panels). This clearly indicates the simultaneous binding of Fur and Zur to the same DNA sequence, and suggests a cooperative behavior, such that Fur-DNA interactions enhance the recruitment of Zur.
The regulatory role of the Fur/Zur box was then accessed by comparing transcriptional activity of PcntADbox and PcntA in CDM cultures with or without 1 mM zinc or 5 mM iron. Repression of promoter activity by zinc was abolished in the absence of Fur/Zur box (Fig. 9) , showing that this sequence is a main element of regulation by zinc. On the contrary, iron-dependent repression was partially maintained without the Fur/Zur box, as also seen in a fur mutant with the native cntA promoter (see Fig. 3D ), and in a fur/zur mutant containing or not the Fur/Zur box (Supporting Information Fig.  S8 ). All these data confirm the existence of Furindependent, iron-dependent regulation at relatively high iron concentrations. Despite this, our overall results demonstrate that both regulators, Fur and Zur, bind the same DNA region to prevent cntABCDFE expression.
CntL and CntA protein production is affected by iron, zinc, fur and zur
The above results show that the cnt operon is, at least in part, regulated by iron and zinc via Zur and Furdependent mechanisms. We next aimed to explore modulation of cnt expression at the level of protein production. CntL and CntA protein production was analyzed by western blot from cultures grown in CDM medium supplemented with iron or zinc. CntL was used to monitor expression from PcntK, and CntA from both cnt promoters. CntL was only clearly detected in CDM deprived of metals, and weakly in CDM containing 0.1 mm iron or zinc (Fig. 10A) . In contrast, CntA was detected even in the presence of iron or zinc, although protein levels were slightly lower in the presence of 5 mM iron and from 0.1 mM zinc (Fig. 10B ). This observation is consistent with a higher PcntA repression by lower concentrations of zinc than of iron (Figs 3 and 4) . In CDM medium supplemented with a mix of Fe and Zn at low concentrations, repression of CntA expression was similar in WT and fur mutant strains, but was partially or totally abolished in zur and fur/zur mutants respectively (Fig. 10C) , showing the major role of Zur in low-iron environment and the role of both regulators in regulating the Cnt transporter. We next analyzed CntA and CntL production in WT and mutant strains during growth in rich medium to confirm and extend the previous results. CntL was only detected in the fur/zur mutant (Supporting Information  Fig. S9 ), confirming strong repression by Fur and Zur, independently. In contrast, CntA production was detected in exponential phase in WT strain, even if very weak and was clearly induced in simple and double fur and zur mutants (Supporting Information Fig. S9 ). This parallels transcriptional regulation of cnt promoters, where PcntK activity was highly induced in the fur/zur mutant compared to each single fur or zur mutant, which was not observed for PcntA (see Supporting Information Fig. S5 ), confirming distinct control of each promoter by the two regulators. Finally, comparison of CntA levels in the fur and zur mutant strains along growth suggests a predominant repressive role for Fur (higher induction in fur mutant in exponential phase; Supporting Information Fig. S9 ), and an additive belated action of Zur which enhances its effect (maximal induction in fur/zur mutant in stationary phase; Supporting Information Fig. S9 ).
In conclusion, regulation of Cnt protein production mirrors that of cnt expression, confirming two-level transcriptional control of the Cnt system by iron, zinc, Fur and Zur.
The cnt genes are not controlled by ni, co, cu As the Cnt system imports nickel, cobalt and copper in addition to iron and zinc, at least in vitro (Ghssein et al., 2016) , we considered that these metals might control cnt expression. However, PcntK and PcntA promoter activities measured with different concentrations of nickel, copper and cobalt in CDM medium indicated that cnt operon expression was not significantly regulated by these substrate metals (Supporting Information Fig. S10 ).
The CntABCDF transporter is necessary for optimal growth in zinc-deprived medium
We evaluated the contribution of the Cnt transporter CntABCDF in zinc and iron import and utilization for optimal growth. Growth of WT and cntABCDF deletion strains was compared in CDM and in zinc-or ironchelated CDM by using TPEN and EDDHA respectively. WT and cntABCDF mutant strains grew similarly in CDM and zinc-replete medium ( Fig. 11A and C) . In constrast, growth of cntABCDF mutant was retarded in zinc-chelated medium, suggesting that the impaired growth is due to zinc deprivation (Fig. 11B) . On the contrary, growth of both strains was similar in EDDHAcontaining medium, indicating, as expected, that Cnt is not the major iron transport system and that other high affinity iron transporters are active in these conditions PcntA PcntA∆box Upstream cntA and cntADbox promoter activities in CDM or CDM supplemented with FeSO 4 (5 mM) or ZnSO 4 (1 mM), in WT strain of S. aureus NCTC8325. Strains were grown to OD0.4. The metal was then added, bacteria were further grown for 1.5 h and assessed for luciferase activity. Results are presented as the ratios of specific luciferase activities relative to that measured in CDM. Data represent the mean 6 SD for three independent biological replicates. Significant differences between cells cultivated with or without the addition of metal were determined by unpaired Student's t-test, as indicated (*P < 0.05, ***P < 0.001).
(Supporting Information Fig. S11 ). These results point to an important role for Cnt as a high-affinity transport system for zinc acquisition in zinc-chelating conditions, and further establish the link between its regulation and function.
Ferrous iron is an efficient competitor for nickel uptake by the cnt machinery Radiolabeled nickel uptake experiments previously showed that zinc was a potent competitor of nickel import (Remy et al., 2013) . Here, the impact of iron sources on nickel internalization was determined using ICP-MS to quantify metal contents after exposure of WT and cntL mutant cultures to 1 mM nickel or 1 mM nickel supplemented with ferric or ferrous iron for 10 minutes. The amount of accumulated nickel was reduced by 60% in the presence of ferrous iron in the WT strain, while ferric iron did not influence nickel uptake (Fig. 12) . In cntL, no significant intracellular nickel was detected and the amount of iron was reduced by 50% when cells were exposed with ferrous iron, demonstrating that nickel and partially ferrous iron, were imported by Cnt. These results show that ferrous iron is an efficient competitor for nickel import, leading us to propose that ferrous iron is a preferential substrate for Cnt-dependent metal acquisition, consistent with Cnt repression by iron.
Discussion
The S. aureus Cnt uptake machinery scavenges nickel, cobalt, zinc, iron and copper in vitro (Ghssein et al., 2016) . In the present study, we deciphered the genetic features and molecular mechanisms of Cnt regulation. The cnt operon comprises two non-coding regions, one large sequence upstream the whole operon, PcntK, governing the metallophore synthesis and one internal sequence, PcntA, upstream the genes encoding the Spmetal importer and the Sp exporter. Both regions contain common regulatory signals allowing the binding of Fur and Zur in the presence of iron and zinc respectively, and subsequent repression of the Cnt system. Distinct Fur-and Zur-mediated regulatory mechanisms of each of the two cnt promoter regions were revealed. needs Fur activity to fully repress transcription from cntA (Fig. 5D) . Finally, PcntA is subjected to Furindependent repression by iron, by an unknown mechanism, in metal-poor conditions (Fig. 3D, Supporting Information Fig. S8 ). In conclusion, in metal-starved environment, the expression of the Cnt transporters is relatively highly sensitive to zinc deprivation, being repressed by Zur in the presence of Fur, while it is also controlled by higher levels of iron by Fur and another regulatory element or mechanism that remains to be determined. Deletion of the Fur/Zur box totally or partially alleviated the zinc and iron-dependent repression respectively, demonstrating its critical role in regulating PcntA response to zinc and iron levels. Importantly, in vitro experiments identified a tripartite complex between Fur, Zur and DNA ( Regulation of S. aureus cnt operon by Fur and Zur 171 (Morrissey et al., 2004; Kumar et al., 2012) . Despite the sequence homology between Fur and Zur boxes, the binding specificity is described as very high (Fillat, 2014) . Here, the structure of the tripartite complex remains to be elucidated, but our data show that DNA has a crucial role in complex formation (Supporting Information Fig. S7 ).
In line with these mechanisms, we demonstrated a double-level control allowing fine and differential regulation of the different functions associated to the Cnt system. PcntK, which governs metallophore synthesis, is strongly repressed at far lower metal concentrations than PcntA, which controls metallophore import and export (for PcntK, 0.1-1 mM iron and 0.25 mM zinc; for PcntA, 1-5 mM iron and 0.25 mM zinc, without total repression by higher zinc levels). Accordingly, CntA was detected in iron and zinc-rich conditions whereas CntL was not (Supporting Information Fig. S9 ). This tighter control of Sp biosynthesis compared to the transport machinery suggests that the Sp should not accumulate in cells. This presumed intracellular toxicity of Sp is also suggested by impaired growth of a cntE mutant (Supporting Information Fig. S12 ) unable to export Sp (Ghssein et al., 2016) , particularly in zinc-and irondeprived medium. Consistent with these observations, accumulation of nicotianamine in Arabidopsis thaliana, a secretion defect of a Sp-like metallophore in Pseudomonas aeruginosa, or impairment of siderophore recycling in Mycobacterium tuberculosis, all led to increased sensitivity to iron starvation (Cassin et al., 2009; Jones et al., 2014; Vega and Young, 2014; Gi et al., 2015) . In contrast, the observed 'relaxed' repression of Cnt transporters by zinc and iron might assure minimal transport activity. When Sp synthesis is repressed, any remaining Sp would then be exported by CntE to avoid intracellular Sp toxicity and/or allow continued nutrient metal capture and import. Synteny of import and export transporter genes also suggests coordinated control of these processes, i.e. recycling of Sp, allowing several cycles of Sp export/Sp-metal recovery. This strategy was reported for P. aeruginosa pyoverdine, which chelates extracellular iron, is released in the periplasm and then recycled into the extracellular medium by the efflux pump PvdRTOpmQ (Yeterian et al., 2010) . The recycling of Sp may also enable cells to save energy as Sp synthesis is consuming (three enzymatic reactions). On the contrary, basal expression of Cnt transport proteins may help to recover metals by recycled Sp and/or Sp-related chelates produced by microorganisms sharing the same niches as S. aureus in polymicrobial sites of colonization or infection as reported in the case of iron acquired by bacteria utilizing xenosiderophores (siderophores produced by other microbes) (Brozyna et al., 2014; Holden and Bachman, 2015; Johnstone and Nolan, 2015) .
Based on all these experiments, we propose a model for cnt regulation (Fig. 13) . Sp synthesis undergoes strict negative control by sequential Fur/Zur binding, while Sp export and Sp-metal recovery is less efficiently repressed by cooperative Fur/Zur repression.
The CntABCDF transporter was originally designated as a cobalt and nickel transporter, regulated by zinc and involved in virulence in two infection models (Remy et al., 2013) . We further demonstrated that it could also import copper, zinc and iron in vitro, functioning with the metallophore Sp synthetized by three genes belonging to the same locus as cntABCDF (Ghssein et al., 2016) . During the review process of this study, a work focused on the zinc transporters of S. aureus has been published, confirming that CntABCDF was implicated in zinc acquisition and identifying AdcA as a zinc-binding protein of a zinc transporter (Grim et al., 2017) . In the present study, we reveal that CntABCDF transporter is necessary for optimal growth in zinc-deprived medium (Fig. 11) and that ferrous iron, and not ferric iron, strongly competes with nickel uptake in vitro (Fig. 12) . From these results and in line with the regulatory role of zinc and iron, we propose that they represent the 'preferred' and most abundant substrates imported by the Cnt system under physiological conditions. It is also important to highlight that only ferrous iron is taken up by Cnt, implying that Sp is different from siderophores chelating ferric iron, thus suggesting a different strategy for the bacterium to acquire another source of iron probably in particular physiological conditions, i.e., in anaerobiosis. Even if the in vitro range of affinity of Sp is copper > nickel > cobalt > zinc > iron(II) (Ghssein et al., 2016) , this may not mirror the predominant functional activity of Cnt in vivo. This suggests selectivity at the level of binding and/or transport of the metal-Sp complex by CntA and/or CntBC translocon respectively, a question that remains to be addressed. Nickel, copper and cobalt are transported by the Cnt system, under laboratory conditions (Remy et al., 2013; Ghssein et al., 2016) . We did not observe strong modulation of cnt promoter activities by these metals (Supporting Information  Fig. S10 ). Considering repression of metal transporters by their substrate metals, only trace amounts of nickel, cobalt and copper are found in the environment of S. aureus, suggesting that it would not confront toxic levels of these metals and/or should be efficiently and rapidly exported by dedicated efflux pumps. In the case of nickel, S. aureus expresses an ABC-transporter dedicated to nickel (NikABCDE) and a high-affinity secondary transporter for nickel (NixA), involved in nickeldependent urease activity, pH homeostasis in urine and colonization of urinary tract organs (Hiron et al., 2010) . These systems may represent predominant nickel transporters, whereas Cnt might have a marginal (or no) role in nickel import in natural life of S. aureus.
During infection, S. aureus has to face metal starvation strategies exerted by the infected host, i.e., nutritional immunity, with the activation of zinc-and manganese-chelating calprotectin and host high-affinity iron-binding proteins, depriving the infectious agent environment in essential metals (Cassat and Skaar, 2012; Neumann et al., 2017) . The Cnt system might be activated in conditions of iron and zinc deficiency and participate to the resistance of S. aureus in vivo. The role of Cnt in supplying zinc for growth in zinc-scarce conditions (Fig. 11) and its ability to compete with calprotectin have been revealed in vitro (Grim et al., 2017) , linking Cnt regulation to Cnt-dependent zinc supply. In a previous in vivo study, we found that the Cnt system was implicated in kidney colonization in two murine models (Remy et al., 2013) . Accordingly, relatively low zinc levels were found in mouse kidneys, and staphylococcal kidney abscesses were even more restricted than the surrounding tissues (Kehl-Fie et al., 2013) , pointing to a potential key role for Cnt-mediated zinc import during kidney infection. The Cnt transporter was also associated with heart colonization but also kidney and liver in conjunction with the Adc transporter (Grim et al., 2017) . Several cnt genes were reportedly induced in different types of infections (including human cutaneous and mouse kidney abscesses, mouse model of pneumonia, mastitis), thus implying zinc and iron-deprived environments in the infected host where Cnt might be useful for metal acquisition (Le Marechal et al., 2011; Chaffin et al., 2012; Date et al., 2014) . Overall, we suggest that the involvement of Cnt during infection (Remy et al., 2013; Grim et al., 2017) is probably due, at least in part, to its capacity to capture zinc in zinc-deprived environments in specific sites of the infected host and conclude that Cnt is important in zinc-starved environments and contributes to pathogenicity.
Beyond regulation by metals and metalloregulators, the cnt operon contains non-coding elements contributing to its control: an S1077 sRNA and a repeated sequence of approximately 100 bp upstream cntK. The transcriptional start of the operon corresponds to that of S1077, described and identified as a single RNA molecule in a large transcriptome analysis (Mader et al., 2016) . In this study, the transcription profiles in several media indicated production of S1077 in metal-rich conditions and reduced expression of the rest of the operon. Nevertheless, we did not find a strong terminator sequence. The mechanism of transcription termination after S1077 thus remains undetermined, like its function in cis and/or in trans on other genes. The second remarkable feature is a 100 bp sequence directly repeated in most strains of S. aureus, located between The tight repression of staphylopine biosynthetic genes would prevent toxic metallophore accumulation in the cell, whereas the looser regulation of staphylopine trafficking genes would allow the recovery of already secreted staphylopine. S1077 and the start codon. Removing the sequence, whether repeated or not, led to induction of cnt operon expression (Supporting Information Fig. S2 ), indicating that it plays an attenuation role via an unknown mechanism. Interestingly, both S1077 and 'repeat' sequences are specific to S. aureus, even in conserved cnt loci of several staphylococcal species such as S. epidermidis, S. xylosus and S. warneri. In these species, we found one putative Fur box and one Zur box upstream of the cntKLMABCDFE operon. The role and functioning of these sequences will be interesting to decipher to give a complete image of cnt regulation.
In conclusion, the results reported here reveal that staphylopine-dependent metal acquisition in S. aureus is finely and differently controlled by two essential substrate metals, zinc and iron. The tight control of staphylopine biosynthesis would limit energy expenditure while the looser control of staphylopine trafficking would enhance staphylopine-metal recovery and, presumably, staphylopine recycling, overall contributing to an efficient and optimized system of metal recovery. Furthermore, Fur and Zur regulators can act together on the same target, thus defining a new regulatory paradigm. The complex regulation of the Cnt machinery certainly allows activation of this pathway in appropriate conditions, i.e., during host infection in iron and zinc-deprived niches, to acquire metals complexed by Sp and perhaps by xenometallophores.
Experimental procedures

Bacterial strains and growth conditions
The WT S. aureus strains used in this study were NCTC8325 and RN6390 (derivative of the human isolate NCTC8325 cured of three prophages) (Peng et al., 1988) and growth was monitored by OD 600nm (OD) measurement. S. aureus strains were cultured aerobically with shaking (200 RPM) at 378C. Growths were performed in chemically defined medium (CDM) (Taylor and Holland, 1989; Ghssein et al., 2016) Anderegg et al., 1977; Arslan et al., 1985) .
Construction of S. aureus mutant strains
The thermosensitive shuttle vector pMAD (Arnaud et al., 2004) was used for introducing markerless gene deletion. Mutant strains of S. aureus NCTC8325 were obtained by gene deletions, removing the entire coding sequence without the introduction of an antibiotic resistance gene. Briefly, two DNA fragments located directly upstream and downstream zur gene were PCR-amplified from genomic DNA using primers (zur1-2) and (zur3-4) (Supporting Information Table S1 ). Amplification products were gel-purified and used as a matrix to produce overlap PCR product using primers (zur1-4) (Supporting Information Table S1 ). The resulting fragment was purified, digested by BamHI and XmaI and cloned into pMAD. Nucleotide sequence of the construct was confirmed by DNA sequencing and the recombinant plasmid was introduced into S. aureus RN4220 by electroporation, extracted and subsequently introduced into S. aureus NCTC8325 wild type (WT) strain and fur mutant. Deletion of the chromosomal region of interest was subsequently obtained by double-crossing over events as previously described (Rigoulay et al., 2005; Hiron et al., 2007) . Chromosomal deletions were checked by PCR from genomic DNA with primers external to the fragments used for zur deletion (zur5-6).
Construction of promoter-reporter gene fusion and luciferase assays
The cntA upstream region deleted of the Fur/Zur box was cloned into pCN58 plasmid (Charpentier et al., 2004) containing luxAB genes from Vibrio ficheri, as follows. First, upstream and downstream DNA regions from the Fur/Zur binding-sequence were PCR-amplified from pCN58-PcntA previously constructed (Remy et al., 2013) , using primers (Dbox1-2) and (Dbox3-4) (Supporting Information Table S1 ). The two fragments were annealed and PCR-amplified with the external primers. The resulting overlap PCR was gelpurified, digested by EcoRI and BamHI and the 277bp fragment of interest was also gel-purified and cloned into pCN58 digested by the same enzymes. The recombinant plasmid, pCN58-PcntADbox was introduced into S. aureus RN4220 by electroporation, extracted and subsequently introduced into S. aureus strains of interest.
To follow cnt promoter-luciferase reporter activity, cultures were inoculated with an overnight preculture to obtain an initial optical density (OD) of 0.1. In some cases, measurements of luminescence were performed in mid-exponential (OD 1-1.5) and late-exponential (OD 2.5) growth phase. To test the effects of metals on promoter activity, bacteria were grown in CD medium to early exponential phase (OD 0.5) and then split into several cultures, each of which being supplemented or not with the indicated concentrations of CuCl 2 , CoCl 2 , FeSO 4 , NiCl 2 or ZnSO 4 . Culture aliquots were removed, monitored for growth (OD) and submitted to luminescence assays. Measurements of luminescence were performed immediately after mixing 450 ml of cell suspension with 50 ml of 0.1% (vol/vol in 40% ethanol) nonanal (Sigma, St Louis). Luciferase activity, expressed in relative luminescence units (RLUs), was measured using a Biolumat LB9500T Luminometer (Berthold, Bad Wildbad, Germany), based on 10-s measurements in the integrate data mode. Specific luciferase activities were calculated by dividing the RLUs by absorbance (RLU/OD). The promoterless pCN58 plasmid was used as control in reporter gene assays.
Preparation of crude extracts and Western blot analyses
Overnight cultures of S. aureus strains were diluted to an OD 5 0.05 in BHI medium and grown to exponential (OD 2) or stationary phase (OD 5), or in CD medium until OD 0.4 and then split, supplemented or not with metal (0.1 to 5 mM ZnSO 4 or FeSO 4 ) and incubated for 1.5 h at 378C with aeration. Bacterial cells (volume adjusted to the OD) were harvested at the indicated periods and lysates were prepared as described (Hiron et al., 2010) .
For Western blot experiments, the protein amounts of the crude extracts were calibrated using the DC protein assay (Bio-Rad, Hercules) with bovine serum albumin (BSA) as a standard. Equal protein amounts (20 mg) of crude extracts were loaded and separated on SDS-PAGE and electrotransferred on Nitrocellulose membranes (Bio-Rad). CntA and CntL were specifically detected using polyclonal guinea pig anti-CntA and rabbit anti-CntL antibodies (1:10 000 and 1:5000 respectively). Horseradish peroxidase (HRP)-conjugated anti-guinea pig or rabbit antibodies (GE Healthcare, Buckinghamshire) were used as secondary antibodies (1:10000) and detection was achieved using the ECL reagents (PerkinElmer, Waltham).
Overexpression and purification of S. aureus Fur and Zur
The fur and zur genes were amplified by PCR from DNA of S. aureus RN6390 using primers listed in Supporting Information Table S1 . For MBP fusions, amplification products were digested by EcoRI and XbaI and cloned into E. coli expression vector pMAL-c4X (NEB, Ipswich) upstream malE gene encoding maltose-binding protein (MBP) resulting in the expression of an MBP fusion protein. For the purification of Fur native protein, the fur amplicon was cloned into pET SUMO E. coli expression vector (Invitrogen), to generate a N-terminal 6XHis tag and SUMO fusion protein in a first step. Protein production was carried out as follows. Cells were grown to an OD of 0.5 in lysogeny broth (LB) medium containing ampicillin (100 mg ml 21 ) or kanamycin (50 mg ml 21 ) at 378C. Expression of malE-fur and zur or SUMO-fur recombinant genes was induced for 3 h with 0.3 mM isopropyl-b-D-thiogalactopyranoside. Cells were harvested by centrifugation and resuspended in 20 mM Tris-HCl pH 7.5, 200 mM NaCl (MBP fusions) or 50 mM Tris-HCl pH 8, 300 mM NaCl, 10 mM imidazole (SUMO fusion). The bacterial suspensions were then transferred into tubes containing 0.1 mm glass beads (MP Biomedicals, Solon) and subjected to mechanical disruption by homogenization using a FastPrep FP120 instrument (Thermo Scientific, Waltham) in two 20-s intervals (speed 4), with cooling on ice between intervals. The lysates were centrifuged at 14 000 RPM for 30 min at 48C and supernatants were loaded on amylose resin (MBP fusions) or nickel resin (Millipore, Darmstadt). The MBP or SUMO fusion proteins were eluted with 20 mM maltose or 250 mM imidazole respectively, and eluted fractions were subjected to SDS-PAGE analysis. Fractions containing the overexpressed proteins were pooled, dialysed against 20 mM Tris-HCl, 150 mM NaCl (MBP-Fur and Zur) or 50 mM Tris-HCl pH 7.5, 150 mM NaCl (SUMO-Fur) and stored at 2808C in 10% v/v glycerol. The 11 kD SUMO moiety was then cleaved by SUMO (ULP-1) protease at the carboxy terminal, producing native Fur protein. Fur was then separated from SUMO moiety (containing 6XHis tag) by loading on nickel resin and recovery of successive elutions in Tris 50 mM pH 8, NaCl 300 mM, 30 mM imidazole. Fractions containing Fur protein were pooled, dialyzed and stored as described above.
Electrophoretic mobility-shift assays
A protocol was designed according to previous studies (Xiong et al., 2000; Lechardeur et al., 2012) . DNA fragments were PCR amplified from RN6390 genomic DNA using primers listed in Supporting Information Table S1 , then gel-purified and quantified using a Nanodrop spectrophotometer. The binding assays contained (in a total volume of 20 ml) various concentrations of purified proteins and diluted DNA (10 ng ml 21 ) in 1X binding buffer (10 mM Tris-borate pH 8, 1mM MgCl 2 , 25 mM KCl, 100 mM MnCl 2 , 50 mg ml 21 BSA). The reaction mixtures were incubated at room temperature for 20 minutes. Three microliters of loading buffer (0.1% cyanol blue, 40% sucrose in binding buffer) was then added and mixtures were loaded onto 5% nondenaturing polyacrylamide gels. Electrophoresis was carried out at 70 v (2 h) in 22.5 mM Tris-borate pH 8 containing 100 mM MnCl 2 . Binding was analyzed after incubating the gel in ethidium bromide (2 mg ml
21
) for 30 min, as previously described (Forster-Fromme and Jendrossek, 2010; Fernandez et al., 2010; Lechardeur et al., 2012) .
Analysis of metal concentrations by ICP-MS
Metal and sulfur contents were determined in fusion protein solution by adding concentrated HNO 3 to reach 2% HNO 3 concentration.
To measure the metal contents in bacteria, S. aureus strains were grown in Chelex-treated CDM until mid-log exponential phase, then split, supplemented (or not) with metal solution prepared just prior to use (1 mM [SO 4 ] 2 ) was used as ferrous iron source, being rather resistant to oxidation. The cultures were centrifuged and pellets were washed three times with ice cold 1-mM EDTA and then once with double distilled water. Cell pellets were then dried overnight at 1008C. Metal contents were determined in cell fraction by resuspending the dried pellet with a 200 ml mixture of 70% HNO 3 (100 ml) and 30% H 2 O 2 (100 ml). The mixture was heated at 808C for 3 h and then diluted with water to reach a final volume of 2 ml.
Acidified sample solutions were then analyzed by ICP-MS (Agilent 7500cs, Tokyo) operating in hydrogen collision gas mode (H 2 ) to remove possible interferences.
Size exclusion chromatography
Analytical gel filtration experiments were done using a Superdex200 Increase 5/150GL (GE Healthcare) equilibrated with a SEC buffer (20 mM HEPES, 150 mM NaCl, 100 lM MnCl 2 , pH 7.5). Each experiment consisted in the injection of 50 ll of sample using a flow rate of 0.3 ml Regulation of S. aureus cnt operon by Fur and Zur 175 min 21 . Proteins, protein complexes and protein/DNA complexes were prepared 5 min before injection.
Bioinformatics
BPROM program (http://www.softberry.com) was used to identify predicted bacterial promoters.
